Abstract. The objective of this study was to develop vegetative propagation techniquesusing tissue culture and grafting-for American beech (Fagus grandifolia) resistant to beech bark disease. Resterilizing the buds after excising bud scales reduced contamination of in vitro cultures derived from dormant buds. Application of a 7-day dark treatment before transferring shoots to the rooting medium improved rooting success. Plantlets gradually acclimatized to nonsterile growth conditions and set buds but failed to survive the dormant period. The application of 6-benzyladenine enhanced sprouting from roots collected from mature trees, but the excised shoots rooted poorly in vitro despite low contamination. Success of grafting scions from mature trees varied among genotypes and differed each year (30% in 2003, 12% in 2004, and 18% in 2005) . Applying the growth hormone indole butyric acid to the scion before joining it to the rootstock did not increase grafting success. Survival of grafts was independent of rootstock age (1 or 2 years old). Grafting success increased when scion diameter was slightly larger than rootstock diameter. The rooting of sucker cuttings was successful for only one genotype. Critical steps, in which most failures in the propagation of American beech occur, are identified.
American beech (Fagus grandifolia) trees in the northeastern parts of its range have been devastated by beech bark disease (BBD), an introduced insect-fungus disease complex incited by an initial infestation by the scale insect, Cryptococcus fagisuga Lind., followed by infection with one of the Nectria fungi, primarily Nectria coccinea var. faginata Lohman, Watson & Ayers. The disease has dramatically decreased the commercial value of many forest stands that have a significant beech component and has reduced their ecologic importance (Houston, 1980) . In stands severely affected by BBD, some symptom-free trees exist in low frequencies. These apparently disease-free trees often occur in groups and are closely related (Houston and Houston, 1994) . It is thought that the trees may be resistant to the beech scale rather than to the fungi because the Nectria fungi rarely cause damage in the absence of the scale (Houston and Houston 1994; Shigo, 1964; Wainhouse et al., 1988) . Studies have shown that when challenged, grafted scions from putatively resistant trees retain resistance to the scale insect 1 year after inoculation with scale eggs. In the same study, the scale successfully reproduced only on clones grafted from known susceptible trees giving an indication of genetic resistance (Ramirez, 2005) . If genetic resistance exists in natural populations, restoration of disease-free beech in North American forests may be possible through vegetative propagation of resistant trees.
Conventional vegetative propagation of species in the genus Fagus is difficult and has not been successfully achieved on a commercial scale (Chalupa, 1996; Meier and Reuther, 1994) . Positive results in terms of low contamination, high shoot initiation, and rooting have been obtained using material from juvenile plants (Chalupa, 1985; Meier and Reuther, 1994; Viéitez et al., 1993) ; however, successful transfer to soil of the plantlets obtained has not been reported, and this is a major limitation to conventional propagation of Fagus species.
Micropropagation of F. grandifolia has had little success in the transfer of rooted plantlets from culture conditions to soil (Barker et al., 1997; Simpson, 2001 ). Barker et al. (1997) identified a suitable culture medium and were able to root material using LC-1 Horticubes (Smithers-Oasis Co., Kent, Ohio). Simpson (2001) cultured buds from mature trees and encountered problems with contamination of in vitro cultures and rooting. He succeeded in transferring some plantlets to a nonsterile growing medium, but none survived through winter. Grafting success of American beech has not been reported, but European beech (F. sylvatica) has been grafted with 25% to 30% success (Dirr and Heuser, 1987) .
The purpose of this study was to further the development of vegetative propagation techniques for disease-free American beech, including tissue culture and grafting. This was done by: 1. Experimenting with techniques to decrease in vitro contamination, increase rooting success, and acclimatize plantlets to greenhouse conditions; and 2. Determining factors that contribute to the success or failure of grafts.
Materials and Methods
Study area. Material for this study was collected from 12 locations in southern New Brunswick (Fig. 1) . Thirty-nine putatively resistant and seven diseased trees were selected, and a subsample of these was used for each propagation method. The selected trees were at least 15 cm in diameter at breast height (DBH) and were deemed putatively resistant if they had no visible signs of BBD (scale insect, cankers, or Nectria fruiting bodies). It was assumed that the different trees are genetically distinct from each other because they were at least 100 m apart, although there is no definite proof of that.
Micropropagation from buds. Branches containing dormant buds were collected in Feb. 2003 and 2004 from 22 disease-free trees. The branches were stored in waterfilled buckets in the dark at 4°C before they were used (%4 weeks).
In 2003, 80 apical buds were taken from each tree and, in sets of 10, surface sterilized for 5 min with 150 mL of 5.25% sodium hypochlorite containing three drops of antibacterial detergent followed by three rinses in sterile water. Bud scales were excised, and each bud was placed in a 150 · 18-mm Pyrex test tube containing 12 mL of Aspen Culture Medium (ACM) (Ahuja, 1984) supplemented with 0.89 mM 6-benzyladenine (BA), 0.27 mM a-naphthalene acetic acid, 20 gÁL -1 sucrose, and 7 gÁL -1 agar as described by Barker et al. (1997) . Cultures were incubated in a growth room at constant temperature of 26°C with a 16-h photoperiod under fluorescent light (55 mmolÁm ). Explants were transferred to freshly prepared medium every 3 weeks. After 6 weeks, shoots initiated from each bud were excised and transferred to the elongation medium (ACM with half-strength plant growth regulators). When the height of explants reached 3 cm, they were removed from the medium and dipped in 12.3 nM nonsalt indolebutyric acid (IBA) for 1 min and transferred into LC-1 Horticubes (Smithers-Oasis Co., Kent, Ohio) saturated with half-strength liquid ACM and placed in a sterile Magenta GA7 vessel for rooting. The Magenta vessels were then placed in a growth room (conditions as stated previously). Rooted plantlets were transferred to 6 · 6 · 6-cm pots containing a sterile mixture of peatmoss and vermiculite (2:1), sprayed with benomyl (Benlate, DuPont, Wilmington, Del.) (2 g/L) to avoid fungal contamination, and saturated with distilled water to which 35 ppm of 8N-20P-30K fertilizer was added. The pots were individually enclosed in plastic bags and placed on a growth bench with the same light conditions as in the growth room. Over a period of 4 weeks, the bags were gradually opened to allow progressive acclimatization; the photoperiod was gradually reduced to 12 h to induce bud set. When buds formed, the pots were placed in a greenhouse to overwinter at 4°C.
In 2004, two sterilization approaches were tested for 20 genotypes to reduce the high contamination of cultures experienced in 2003. The sterilization method applied in 2003 became a reference (control) applied to only 20 buds per genotype. In the first treatment, 30 buds per genotype were surfacesterilized using 150 mL of 5.25% sodium hypochlorite containing three drops of antibacterial detergent (Palmolive, ColgatePalmolive, N.Y.) for 5 min, then stirred in 75% alcohol for 5 min, and rinsed in sterile water. In the second treatment, 30 buds per genotype were surface sterilized using 150 mL of 5.25% sodium hypochlorite containing three drops of antibacterial detergent for 5 min followed by three rinses in sterile water. Bud scales were then removed and bud contents were sterilized in 1% sodium hypochlorite for 20 min followed by three rinses in sterile water. The culture media and culture environment were the same as described for 2003.
Contaminated cultures were counted and a contamination percentage was calculated for each genotype. Percentage of contamination in vitro was analyzed according to a randomized block design using treatment (alcohol, resterilization, or control) as a fixed factor and genotype as a random factor (block). For all trials in this study, analysis of variance was conducted using the General Linear Models (GLM) procedure of SAS 8.2 (SAS Institute, Cary, N.C.). Residuals were tested for departure from normal distribution using the univariate procedure of SAS. When data were not distributed normally because of the presence of zeros, they were transformed by log(x + 1). Arcsine(Ox) transformation was used for percentages. Tukey's test was used for post hoc comparisons of means.
To improve rooting of cultured shoots, in 2004, half the explants per genotype that reached 3 cm (only 12 genotypes had explants that reached 3 cm) were placed in the dark at room temperature for 7 d before rooting. Explants with roots longer than 5 mm were classified as rooted, and a rooting percentage was calculated for each genotype. The number of rooted explants that reached 3 cm in height varied per genotype. Rooting success was analyzed according to a randomized block design using treatment (dark period or control) as a fixed factor and genotype as a random factor (block).
Root sprouts. Root segments (%0.5 m long) 1 to 4 cm in diameter, totaling 3 m in length, were collected in May 2004 from 13 nondiseased, mature trees. The segments were placed in trays (two trays per genotype) and covered with moist peat. Small incisions were made in the bark and cambium to induce callusing. Half of the roots from each genotype were sprayed with 50 mg of BA dissolved in 100 mL of 50% ethanol. The number of sprouts per meter of root was determined for each genotype and analyzed according to a randomized block design using treatment (IBA or control) as a fixed factor and genotype as a random factor (block). Most (145) of the resulting root sprouts were used as a source of shoot tips (3 cm long) for micropropagation in vitro. The shoot tips came from 13 genotypes, but the number of shoots per genotype varied. The shoot tips were surface-sterilized in 0.5% sodium hypochlorite for 15 min, rinsed with sterile water, and then cultured in vitro as described for dormant buds.
Grafting. Scions were collected in late February and early March 2003 and 2004 from putatively resistant and diseased trees. Twigs (20-25 cm long) with two to three buds were cut from branches, packed into plastic bags containing snow, brought to the research facility, and stored at 0°C for no more than 2 d before grafting. The rootstock grown from seeds collected from open-pollinated trees was potted in a mixture of 2 peatmoss : 2 perlite : 1 aggregate (small rock) : 1 loam. The grafting technique was top cleft matching the cambium of the scion closely with that of the rootstock. Graft unions were wrapped with grafting rubber bands and coated with warm wax to hold the graft in place and prevent drying. Grafted plants were placed in a greenhouse under controlled conditions (initially, 70% humidity, 16-h photoperiod, 10-12°C for 3 weeks, then the temperature was increased gradually to match outdoor conditions). The grafts were assessed weekly for 15 weeks, and on the 15th week, graft success was determined. Successful grafts were kept in the greenhouse for a total of 5 months and then placed in an outdoor shaded area.
A total of 22 putatively resistant and five diseased trees were selected for scion collections in 2003 and 2004. Twenty scions per tree were grafted onto 1-year-old rootstock in 2003 and a mixture of 1-and 2-year-old rootstock in 2004. The older rootstock was intended to improve matching diameter with that of the scions. In 2004, the cut surfaces of half of the scions were dipped in a 200 ppm solution of IBA. The effect of IBA application and rootstock age on grafting success was analyzed according to a split-plot design with treatment (IBA or control) and age (1 or 2 years old) as fixed factors and genotype as a random factor.
In 2005, 19 new trees (two diseased and 17 putatively resistant) were selected for scion collection. Forty scions per genotype were grafted onto rootstock grown from seeds collected from open-pollinated trees (five disease-free and one diseased). The same proportion of each type of rootstock was used to graft each genotype. If the rootstock had a large diameter that did not match any of the scions, the side veneer grafting technique was used. Rootstock height and diameter, scion height, diameter and number of buds, length of graft union, and presence of callus were recorded when flushing stopped. Grafting success was analyzed separately by rootstock type, graft type, number of buds on the scion, length of the junction, length of scion, and rootstock and diameter category according to randomized block design. Four diameter categories were assigned to describe differences between scion and rootstock: I = scions with a diameter larger than that of the rootstock (>0.5 mm), II = close match (difference in diameters <0.5 mm), III = rootstock with a diameter larger than that of the scion (>0.5 mm), and IV = much larger rootstock (>1.5 mm).
Results
Micropropagation from buds. Cultured buds from mature trees elongated very slowly. In some cases, a distinct stem developed first, whereas in other cases, the leaves developed first. In 2003, all genotypes were micropropagated with the exception of one in which only reproductive organs were found after bud scale removal. During the initiation period (first 6-10 weeks), contamination significantly reduced the number of explants remaining in culture to 17% to 98% of the cultured buds per genotype.
Resterilization and the alcohol treatment (Fig. 2) reduced the initial culture contamination in 2004, but only the difference between the control and the resterilization treatment was statistically significant (Table 1 ). Contamination also varied by genotype. Buds from three of the 15 source trees had less contamination after the alcohol treatment.
In 2003, one to 2.7 new shoots were initiated per explant. Explants grew in the elongation medium 8 to 10 weeks, and only 16 genotypes (76%) produced shoots suitable for transferring into the rooting medium. After 5 to 14 weeks in the rooting medium, seven genotypes (44%) produced rooted explants with 10% to 60% rooted explants per genotype. In 2004, rooting of explants increased significantly (P = 0.003) with the application of a 7-d dark period (Fig. 3) . Rooting increased for all but two genotypes, which did not produce roots with either method. All rooted explants were successfully transferred to soil and produced buds in the ex vitro environment.
In the spring, none of the plantlets flushed when exposed to conditions that should have promoted bud burst. Buds appeared to be empty, containing no preformed leaves. It appeared that bud development stopped after the formation of the bud scales.
Root sprouts. All selected genotypes produced sprouts from root segments in 6 to 10 weeks. Sprouts formed mainly in clusters extending from the cut ends of the roots. The application of BA to the surface of the roots significantly (P = 0.001) increased the number of sprouts per meter of root (Fig. 4,  Table 1 ). Only one genotype did not produce sprouts with the hormone spray but did produce sprouts without it.
The shoot tips collected from root sprouts and cultured in vitro had low contamination (19%), but rooting succeeded in only five genotypes (38%) and in these genotypes, it ranged from 14% to 57%. None of the plantlets successfully overwintered in the greenhouse.
Grafting. In 2003, the overall graft survival was 30% and all genotypes had some successful grafts. In 2004, grafting success was only 12% with 84% of represented genotypes producing some successful grafts. Most genotypes (88%) produced more successful grafts in 2003 than in 2004. Success varied by genotype, and there was no significant difference in grafting success between putatively resistant and diseased phenotypes. In 2004, scions treated with IBA had slightly lower success (10.4%) than the untreated scions (14.4%). Grafts on 2-year-old rootstock had better survival (14.8%) than those on 1-year-old rootstock (10%) (Fig. 5) . However, these differences were not statistically significant (Table 3 ). There were no significant interaction effects between rootstock age and plant growth regulator treatment or between treatment and genotype. There was a significant interaction between rootstock age and genotype (Table 3) ; however, it was incited by 20% of the genotypes having better grafting success on 1-year-old rootstock, whereas the rest had greater success on the 2-year-old rootstock.
In 2005, overall grafting success was 18% and varied by genotype. Of 19 genotypes, 17 produced successful grafts with success ranging from 5% to 50% per genotype. Callus formed on 57% of the grafts, but only 32% of those grafts survived. In all unsuccessful grafts, callus developed only on the rootstock. Rootstock origin had a significant effect on grafting success. Rootstock obtained from seeds of one tree (#1192) had significantly better graft survival (25%) than rootstock from tree #1197 (10%). Tree #1192 was asymptomatic, whereas tree #1197 was diseased. All other rootstock origins were not significantly different from each other. Only 7% of the grafts were made using the side veneer technique, and the rate of success (18%) was not significantly different from the top cleft grafts. The number of buds present on the scion affected grafting success. The success of scions with two buds (29%) was significantly better than of those with three and four buds (18% and 11%, respectively).
The difference between diameters of the rootstock and scion for top cleft grafts had a significant effect on grafting success, depending on whether the scion diameter was larger, similar, or smaller than the rootstock diameter.
The best grafting success (72%) occurred when the scion diameter was >0.5 mm larger than the rootstock diameter (category I). This was significantly different from all other diameter match categories (Fig. 6, Table 4 ). The length of the union between scion and rootstock was also a determining factor in grafting success. Junctions shorter than 2.5 cm had significantly less success (10%) than those longer than 2.5 cm (31%). Scion length had no significant effect on success; however, rootstock length did. Short rootstock (<10 cm) had greater success (21%) than long rootstock (13%).
Discussion
Micropropagation. Studies on micropropagation of American beech have encountered many common difficulties, including high initial contamination of tissue cultures, low rooting success, and failure to establish cultures in the soil (Barker et al., 1997; Simpson, 2001 ; K. Ellis, unpublished data).
Contamination can be reduced by resterilizing the buds after removing bud scales. This way, pathogens located inside the bud scales, can be eliminated without causing harm to the tissues intended for culturing (J.M. Bonga, per. comm., 2004) .
In this study, a week-long dark period before inducing the rooting of in vitro cultured shoots enhanced rooting in cultures derived from mature and juvenile material. The dark treatment also improved rooting capacity and accelerated root emergence in F. sylvatica (Viéitez et al., 1993 ). In contrast, Barker et al. (1997) had only 3% rooting success with juvenile material of American beech despite applying a dark period and including IBA in the rooting media. The same authors found the highest rooting and plantlet survival using Horticubes and liquid ACM without IBA but did not report this method in combination with a dark period. Tissue culture often uses dark treatment, although it is not well understood why this treatment enhances rooting in vitro.
When transferring cultures into the soil, individual plastic enclosures provided an adequate environment for the explants to adjust to the nonsterile and less humid conditions. Simpson (2001) tested different approaches to acclimatization, including placing individual plastic bags and clear plastic containers over rooted plantlets; however, none of these methods succeeded. Allowing explants more time to grow in soil before bud set occurs may help to overcome the problem of nonsurvival after overwintering. Unfortunately, many plantlets initiate buds soon after being removed from in vitro conditions. More cultural approaches should be studied with the aim of extending the period of growth before bud set as well as providing adequate conditions for completion of bud development.
Micropropagation of Fagus is typically more successful from juvenile material than from mature material (Barker et al., 1997; Chalupa, 1996; Viéitez et al., 1993) . Unfortunately, because juvenile material was not available for this study in sufficient quantities, it was necessary to use tissues from mature trees for propagation. Presently, the most reliable way to identify putatively resistant trees is to survey forest stands for scale-free mature trees. We attempted to rejuvenate material for propagation by using young root sprouts from older roots. Simpson (2001) used root sprouts as cuttings and on average obtained 2.3 sprouts per meter of root length using a technique similar to the one tested in this study but without the BA treatment. We found that applying BA to the roots increased production of root sprouts (11.4 sprouts per meter of roots versus 2.2 without BA). Although micropropagated root sprouts were easier to sterilize than dormant buds, they produced no more roots than did cultures from buds. This suggests that rejuvenation was not achieved by inducing root sprouts or that maturity was not the main problem preventing rooting of cultured organs.
Grafting. Grafting was the only successful propagation technique, although the rate of success was low. Dirr and Heuser (1987) mentioned that Fagus spp. were very difficult to graft and reported 25% to 30% grafting success for F. sylvatica, which is similar to the results we obtained in 2003.
The short period of exposure to cool temperatures for the 2004 grafts may have contributed to the low grafting success in that year. Many authors recommend that grafts should be kept under cool temperatures (13-18°C) for at least the first 3 weeks to slow down the flushing of buds (Dirr and Heuser, 1987; Hallett et al., 1981) . In 2004, grafts were placed in warm conditions (25°C) after 1 week of cool temperatures. Table 4 . Results of analysis of variance on percentage of grafting success in American beech comparing effects of rootstock origin, graft type (top cleft or side veneer), number of buds on the scion (2, 3, or 4), matching diameters (categories I, II, III, or IV), union length (<2.5 cm or >2.5 cm), scion length (<15 cm or >15 cm), and rootstock length (<10 cm or >10 cm). A successful graft union depends on the formation of a callus bridge between the cut surfaces of the scion and rootstock (Macdonald, 1986) . The application of a growth regulator (e.g., IBA) stimulates cell division in the scion callus and accelerates the restoration of vascular connections (Cummings, 1997) . For unknown reasons, IBA did not improve success in the 2004 grafting trial. Observations in 2005, which show that many of the unsuccessful grafts had callus formed on the rootstock but not on the scion, suggest a potential incompatibility between the scion and the rootstock. It is possible that matching the scions with rootstock produced from seed collected from the same tree will reduce the incompatibility and improve overall grafting success of American beech.
When grafting in winter, it is difficult to select good-quality rootstock from dormant seedlings. Based on work with F. sylvatica, Savill et al. (2005) concluded that rootstock quality was critical to the success of grafting. Two-year-old rootstock is typically more reliable than that of younger and smaller plants (Douglas, 1999) . In our study, rootstock age did not affect grafting success. It is possible that the quality of our 2-year-old rootstock was not optimal because it was stored in an outdoor overwintering house and subjected to repeated thawing and freezing (L.D. Yeates, per. comm., 2005) , whereas 1-year-old rootstock was stored indoors.
In 2005, the factors that most limited grafting success were the origin and subsequent storage treatment of rootstock, the number of buds on the scion, the difference in diameters between scion and rootstock, the length of the junction, and the length of the rootstock. Many authors recommend that, for grafting, the stock material should be free of diseases (Dirr and Heuser, 1987; Hartman and Kester, 1975; Procketer, 1976) . In our study, scions grafted on rootstock that originated from seed from a diseased tree had the lowest success compared with a nondiseased seed source. Grafts with larger junctions had more area to match the cambium of scion and rootstock and, therefore, had better success. The difference between diameters of rootstock and scion may be critical in grafting beech. In this study, grafts with scion diameters larger than the rootstock had better success. Grafting literature recommends that, for grafting small-diameter scions and rootstock, best results are obtained when the diameters are similar (Dirr and Heuser, 1987; Fretz et al., 1979) . There are no reports of increased success with slightly larger scions.
Overall, grafting was the only method of propagation that reliably produced some successful plants, but its efficiency is unsatisfactory. Only modest advances in tissue culture of American beech were achieved in this study. In the culture from dormant buds, the contamination problem, troublesome in all reported studies, was substantially reduced and higher in vitro rooting percentages were obtained. Further refinement of the earlier steps may improve the efficiency of producing rooted plantlets. However, the reality is that despite success in producing some rooted plantlets transferable to nonsterile culture, not a single plantlet, produced in vitro, survived under nonsterile conditions. The causes of failure remain unknown, and until they are identified, the manipulation of growth conditions at this stage remains guesswork.
